ADDITIONAL INDEX WORDS. fruit fi rmness, pectin methylesterase, polygalacturonase, endo-(1→4)β-D-glucanase, endo-β-1,4-mannanase ABSTRACT. Pawpaw fruit were harvested at the advent of the ripening process and were ripened at room temperature. Based on fruit fi rmness and respiration and ethylene production rates at harvest and during ripening, fruit were classifi ed into one of four categories: preripening (no to very slight loss of fi rmness; preclimacteric), early ripening (some softening; increasing rates of ethylene and CO 2 production), mid-ripening (soft; at or just past climacteric), and late ripening (very soft; postclimacteric). The activities of the cell-wall degrading enzymes polygalacturonase (PG), endo-(1→4)ß-D-glucanase (EGase), and endo-ß-1,4-mannanase (MAN) were low in the preripening and early ripening stages, increased dramatically by mid-ripening coincident with the respiratory and ethylene climacterics, and decreased at late ripening. However, pectin methylesterase (PME) activity per milligram protein was highest at the green stage when the fruit fi rmness was high and decreased as ripening progressed. Tissue prints indicated both EGase and MAN increased as ripening proceeded. The EGase activity was evident near the seeds and the surface of the fruit at preripening and eventually spread throughout, while MAN activity was evident near the fruit surface at preripening and was progressively expressed throughout the fl esh as fruit ripened. The greatest decline in fruit fi rmness occurred between pre-and early ripening, before the peak activities of PG, EGase, and MAN, although MAN exhibited the greatest relative increase of the three enzymes in this period. The data suggest that PME may act fi rst to demethylate polygalacturonate and may be followed by the action of the other enzymes resulting in cell wall disassembly and fruit softening in pawpaw.
Pawpaw fruit soften rapidly after harvest (Archbold and Pomper, 2003; McGrath and Karahadian, 1994) , and this hinders the development of effi cient and rapid handling and marketing strategies for the fruit. Softening is an important part of the ripening process, and it is well documented that changes in cell walls accompany fruit softening (Brummell and Harpster, 2001; Seymour and Gross, 1996) . Plant cell walls are highly complex structures consisting of many types of complex polysaccharides and numerous proteins (Carpita and Gibeaut, 1993) . Pectins, hemicelluloses, and cellulose comprise the major groups of polysaccharides in plant cell walls (Seymour and Gross, 1996) , with more than 50% as pectin (Brummell and Harpster, 2001) . Cell wall metabolism is tightly controlled through regulation of both gene expression and the cell wall microenviroment (Seymour and Gross, 1996) . Due to the structural complexity of the primary cell wall, a coordinated effort of a variety of enzymes affecting both covalent and noncovalent bonds is likely involved in cell wall disassembly and fruit softening (Giovannoni et al., 1992) .
Other species within the Annonaceae family that includes pawpaw also soften rapidly once ripening begins (Brown et al., 1988) . Cherimoya (Annona cherimola Mill.), perhaps the most popular member of the family (Merodio and De La Plaza, 1997) , exhibits a rise in polygalacturonase (PG) protein (Del Cura et al., 1996) and activity (Sanchez et al., 1998) as softening progresses, and the increase in PG-protein was delayed under high CO 2 storage that also retarded fruit softening. This suggests that polygalacturonase may be involved in cell wall softening, though its exact role and signifi cance may vary among species (Hadfi eld and Bennett, 1998) . In addition, endo-(1→4)β-D-glucanase (EGase) also has been reported to increase in cherimoya in the same period (Sanchez et al; , and it too has been implicated in fruit softening (Maclachlan and Brady, 1994) . De-esterifi cation of polygalacturonic chains by pectin methylesterase (PME) may make the chains more susceptible to PG degradation (Carpita and Gibeaut, 1993) , facilitating rapid loss of cell wall structure. The presence and activity of PME in other fruit of the Annonaceae family has not been studied. Endo-β-mannanase (MAN) has more recently been implicated in fruit cell wall degradation (Bewley et al., 2000) , though it has not been reported for any of the Annonaceae.
In order to maintain fruit fi rmness and extend pawpaw shelf life and storage, and to identify targets for molecular manipulation, a greater understanding of the biochemical basis of fruit softening in this species is required. The goal of this study was to determine the existence and activities of four important fruit cell-wall degrading enzymes, PG, PME, EGase, and MAN, and their relationship to loss of fi rmness during pawpaw fruit ripening.
Materials and Methods
PLANT MATERIAL. Pawpaw fruit were harvested from over 20 genotypes at the Kentucky State Univ. Research Farm, Frankfort, on several dates in 2000 and 2001. Because the intent was to characterize general trends of pawpaw ripening, not possible clonal differences, the fruit from the different genotypes were pooled for use. Immediately following harvest, fruit were transported to the laboratory at the Univ. of Kentucky.
Starting on each harvest date, fruit were weighed and then ripened at ambient temperature (22 ± 2 °C) on the lab bench. Due to the lack of uniformity in maturity stage at harvest, ripening stages were defi ned from daily ethylene and CO 2 production rates and external fi rmness (techniques in Koslanund et al., 2005) as follows: preripening (no to very slight loss of fi rmness; low respiration and ethylene production), early ripening (some softening; increasing rates of ethylene and CO 2 production), mid-ripening (soft; at or just past the climacteric with the highest rates of respiration and ethylene production), and late ripening (very soft; postclimacteric with low respiration and ethylene production). Fruit were at either the preripening, early ripening, and mid-ripening stages at harvest, and on each day of postharvest ripening at least two of the above classes of fruit could be identifi ed. During ripening, subsamples of fruit were peeled, sectioned, and placed in -80 °C storage for subsequent enzyme analyses.
POLYGALACTURONASE EXTRACTION AND ASSAY. A modifi cation of the method of Sanchez et al. (1998) was used for the extraction of PG. Ten grams of frozen fl esh tissue were ground to a powder in liquid N 2 by using a mortar and pestle and homogenized (Omni 5000; Omni Intl., Gainesville, Va.) in 30 mL of 50 mM sodium acetate buffer (pH 7.0) containing 5 mM dithiothreitol (DTT), 0.1 M NaCl, 5% glycerol (v/v), and 1% (w/v) polyvinylpolypyrrolidone (PVPP). The homogenate was centrifuged at 9800 g n and 4 °C for 20 min. The pellet obtained after centrifugation was suspended in 10 mL sodium acetate buffer (pH 6.5) containing 5 mM DTT, 1 M NaCl, 5% glycerol (v/v), and 1% PVPP (w/v) and stirred 15 min. The homogenate was then centrifuged at 24,000 g n and 4 °C for 20 min. A 10 mL aliquot of the supernatant was made to 80% ammonium sulfate to precipitate protein. During precipitation, the solution was placed on ice for 30 min and was subsequently centrifuged at 30,000 g n for 20 min. The pellet was suspended in 2 mL 50 mM sodium acetate buffer (pH 6.5) and dialyzed overnight with cellulose membrane (12,000 molecular weight cutoff; Sigma Chemical Co., St. Louis) in a 2-L fl ask against 50 mM sodium acetate buffer (pH 6.5) with 2 changes of buffer. The dialyzed extract was centrifuged, and the supernatant was used for the enzyme assays. All procedures were carried out at 4 ºC.
Polygalacturonase activity was determined by the method of Gross (1982) . Reaction mixtures consisted of 150 μL of 100 mM sodium acetate buffer (pH 5.0) containing 0.1 M NaCl, 1% polygalacturonic acid (washed with 80% ethanol 6 times prior to use), and 50 μL of extracted enzyme. The mixtures were incubated at 30 °C for 3 h with continuous shaking. The reactions were terminated with 1 mL of cold 100 mM borate buffer (pH 9). Then 0.2 mL of 1% 2-cyanoacetamide were added, and the samples were mixed and immersed in a boiling water bath for 10 min. After cooling to room temperature, the absorbance at 276 nm was determined using a Cary 50 spectrophotometer (Varian, Walnut Creek, Calif.). Reaction solutions without substrate were used as controls, and extracts boiled 30 min were used as negative controls to assure the validity of the activity measurements. A calibration curve was obtained using D-galacturonic acid as standard. PG activity was expressed as galacturonic acid reducing equivalents produced per unit protein per h (μmol·mg -1 ·h -1 ).
ENDO-(1→4)ß-D-GLUCANASE EXTRACTION AND ASSAY.
Endo-(1→4)β-D-glucanase was extracted along with PG above. Reaction mixtures consisted of 350 μL of 100 mM sodium acetate buffer (pH 5.5) containing 1 % (w/v) low-viscosity carboxymethyl cellulose, 0.1 M NaCl, and 200 μL of enzyme extract. The reaction was carried out for 6 h at 35 ºC with continuous shaking. After incubation, 1 mL PGO enzyme color reagent (Sigma) was added, and the solution was incubated at 37 °C for 30 min. The absorbance was read at 450 nm. Reaction solutions without substrate were used as controls, and extracts boiled 30 min were used as negative controls to assure the validity of the activity measurements. A calibration curve was obtained using glucose as a standard. EGase activity was expressed as glucose produced per unit protein per hour (μmol·mg -1 ·h -1 ).
PECTIN METHYLESTERASE EXTRACTION AND ASSAY. Ten grams of frozen fl esh tissue were ground in liquid N 2 using a mortar and pestle and homogenized in 30 mL of 8.8% NaCl (pH 7.55). The homogenate was centrifuged at 20,000 g n and 4 °C for 10 min, and the supernatant was fi ltered through 1 layer of Miracloth (Calbiochem, EMD Biosciences, La Jolla, Calif.). Reaction mixtures consisted of 2 mL substrate solution (1% citrus pectin, 0.1 M phosphate buffer (pH 7.5), 5 mM p-nitrophenyl acetate, and 100 μL of crude extract. The reaction was carried out for 1 h at 30 °C. After the incubation, 7 mL of 0.1 M phosphate buffer (pH 7.0) was added and samples were read at 400 nm. Reaction solutions without substrate were used as controls, and extracts boiled 30 min were used as negative controls to assure the validity of the activity measurements. A calibration curve was used with p-nitrophenol as a standard. PME activity was expressed as p-nitrophenol produced per unit protein (μmol·mg -1 ·h -1 ).
ENDO-ß-MANNANASE EXTRACTION AND ASSAY. Endo-β-mannanase was extracted and assayed by the method of Nonogaki et al. (1992) with some modifi cation. Ten grams of frozen fl esh tissue were ground to a powder in liquid N 2 using a mortar and pestle and homogenized in 30 mL of 0.1 M citric acid and 0.2 M sodium phosphate (pH 5.0). The homogenate was centrifuged at 10,900 g n and 4 °C for 10 min. The supernatant was fi ltered through 1 layer of Miracloth. Reaction mixtures consisted of 600 μL of substrate solution, which contained 300 μL 0.1 M citric acid in 0.2 M sodium phosphate (pH 5.0), and 300 μL 1% (w/v) locust bean gum solution dyed with Remazol Brilliant Blue R (Sigma) (McCleary, 1978) , and 600 μL of crude extract. The reaction was carried out for 1.5 h at 30 °C and was terminated by adding 1.4 mL 80% ethanol. After centrifugation, the absorbance of the supernatant was determined spectrophotometrically at 590 nm. Reaction solutions without substrate were used as controls, and extracts boiled 30 min were used as negative controls to assure the validity of the activity measurements. Enzymatic cleavage of mannan polymers released the bound dye into the solution. Activity was determined in relation to the activities of a serial dilution of commercial MAN (Megazyme; North Rocks, Sydney, Australia) with hydrolyzed dyed locust bean gum as standard. MAN activity was expressed as mannose produced per unit protein per hour (μmol·mg -1 ·h -1 ).
PROTEIN MEASUREMENT. Protein content of each enzyme extract used for assay was determined by the method of Bradford (1976) using a Bio-Rad protein assay kit and bovine serum albumin (BSA) as standard.
TISSUE PRINT TECHNIQUE. A tissue print technique for MAN and EGase distribution within the fruit fl esh was performed by the methods of Downie et al. (1994) . Fruit were cut in half, and the cut surface was placed for 1 h on a 5-mm-thick 5% acrylamide gel backed on gel bond fi lm containing 0.1% (w/v) locust bean gum for MAN or 0.1% (w/v) carboxymethyl cellulose for EGase. The gels were then placed on wet paper towels in a closed container to prevent them from drying. After fruit removal, the gels were further incubated 16 h at room temperature and stained with 0.5% or 0.1% Congo red for MAN and EGase, respectively. Circular images of each fruit were captured around the periphery of each fruit with a digital scanner for the illustrations. Light gray to white areas indicate low to high enzyme activity, respectively. DATA ANALYSIS. To determine if ripening class means for enzyme activities varied signifi cantly, data were analyzed using SAS (SAS Institute, Cary, N.C.), and means were separated by least signifi cant difference at P = 0.05.
Results and Discussion
Fruit were grouped by fi rmness and ethylene and CO 2 production rates. Four stages of ripening were defi ned, as described earlier: preripening (no softening; preclimacteric), early ripening (some softening; increasing rates of ethylene and CO 2 production), mid-ripening (soft; at or just past climacteric), and late ripening (very soft; postclimacteric). From an analysis of all the fruit across both harvest years, each stage exhibited a distinct combination of mean values for fruit fi rmness, ethylene production, and respiration rate ( Table 1) . The greatest decline in fruit fi rmness occurred from the pre-to the early ripening stage, while the ethylene and respiratory climacterics occurred afterwards in the mid-ripening stage as has been previously reported (Archbold and Pomper, 2003; Koslanund et al., 2005) . POLYGALACTURONASE ACTIVITY. In 2000, PG activity as galacturonic acid reducing equivalents produced per unit protein per h of 0.003 μmol·mg -1 ·h -1 was fi rst detected at the preripening stage, and it increased slightly at early ripening to 0.06 μmol·mg -1 ·h -1 (Fig.1) . PG activity then rose dramatically to 2.18 μmol·mg -1 ·h -1 at mid-ripening, a 37-fold increase, and subsequently decreased at late ripening. In 2001, PG activity was fi rst detected at the early ripening stage with 0.24 μmol·mg -1 ·h -1 , it increased to 3.33 μmol·mg -1 ·h -1 at the mid-ripening stage, a 14-fold increase, then decreased at late ripening.
The PG enzyme extract from pawpaw may contain a mixture of endo-and exo-PG, similar to that reported for cherimoya (Sanchez et al., 1998) , but endo-PG is the major form for most species (Knee et al., 1991) . A similar level and pattern of PG activity was observed in cherimoya (Del Cura et al., 1996; Sanchez et al., 1998) , where PG activity increased 3-fold from harvest until day 3. This coincided with the respiratory climacteric, the beginning of the most pronounced rise in ethylene production, and the highest drop in fl esh fi rmness. PG activity then declined. Del Cura et al. (1996) also reported that several PG-related proteins occurred from the unripe to ripe stages of cherimoya.
In most fruit PG is mainly responsible for the degradation of pectin during ripening (Brady, 1987; Fischer and Bennett, 1991; Giovannoni et al., 1989) . In both slow-and fast-ripening fruit models, PG appears to play important roles in pectin disassembly, but it is probably not the sole enzyme responsible for the softening process (Giovannoni et al., 1989; Huber, 1984; McCollum et al., 1989) .
ENDO-(1→4)ß-D-GLUCANASE ACTIVITY.
EGase activity as glucose produced per unit protein per h was fi rst detected at the early ripening stage both years with values of 0.2 μmol·mg -1 ·h -1 in 2000 and 1.0 μmol·mg -1 ·h -1 in 2001 (Fig. 2) . It increased dramatically to 1.1 and 2.6 μmol·mg -1 ·h -1 in 2000 and 2001, respectively, at midripening, and then increased at late ripening in 2000 but slightly decreased in 2001. EGase activity (lighter areas) appeared fi rst in the center of the fruit and activity spread outward as fruit ripening progressed (Fig. 3) . In cherimoya (Sanchez et al., 1998) and sugar apple (Annona squamosa L.) (Tsay and Wu, 1989) , EGase activity exhibited similar values and reached a maximum on day 3 after harvest, a 3-fold increase from initial levels. EGase activity is responsible for hemicellulose degradation and has been found in ripening fruit of most species (Brummell et al., 1994) , but the amount varies considerably (Brummell and Harpster, 2001 ). The signifi cance of the role of EGase in fruit softening appears to be species-specifi c (Brummell and Harpster, 2001) .
PECTIN METHYLESTERASE ACTIVITY. PME activity as p-nitrophenol produced per unit protein per hour was present in preripening fruit at 4.4 and 3.3 μmol·mg -1 ·h -1 in 2000 and 2001, respectively. It generally decreased as ripening progressed and was lowest at late ripening with 2.0 and 2.3 μmol·mg -1 ·h -1 in 2000 and 2001, respectively (Fig. 4) . However, in 2000 at mid-ripening PME activity was slightly greater than at early ripening. A tissue print also showed that PME activity was present in green mature fruit and throughout ripening, but no pattern was evident (data not shown). z Values are the mean ± SE on a per unit fresh weight basis for the preripening, early ripening, mid-ripening, and late ripening stages from 11, 50, 160, and 52 measurements, respectively. PME activity responsible for pectin de-esterifi cation has also been found in the related sugar apple at harvest, and its activity gradually increased as ripening proceeded (Tsay and Wu, 1990) . A diverse number of species have shown high PME activity at the beginning of ripening (Awad and Young, 1979; Gaffe et al., 1994; Iannetta et al., 1999; Paull and Chen, 1983; Trinchero et al., 1999; Tucker et al., 1982) . The relatively high activity of PME in pawpaw during the earliest phase of ripening suggests that demethylation of polygalacturonic chains occurs as an antecedent to PG degradation of the chains.
ENDO-ß-MANNANASE ACTIVITY. MAN activity as mannose produced per unit protein per h was 1.4 and 3.8 μmol·mg -1 ·h -1 at the preripening stage in 2000 and 2001, respectively, and it increased to 24.8 and 32.8 μmol·mg -1 ·h -1 , respectively, in mid-ripening, 18-and 9-fold higher than the preripening stage (Fig. 5) . The tissue prints also showed that MAN activities appeared when fruit began to soften slightly and were high by mid-ripening (Fig.  3) . Initially, MAN activity (lighter areas) was mostly associated with the periphery of the fruit, but it moved inward as ripening progressed (Fig. 3) . Other species have shown higher activities in the periphery of the fruit as well .
Increased MAN activity during ripening has been observed in some cultivars of tomato (Lycopersicon esculentum Mill.) (Bewley et al., 2000; Pressey, 1989; Sozzi et al., 1996) . In the tomato cultivars Big Boy and Better Boy, the appearance of MAN activity in ripening fruit resembled the changes in PG activity, but MAN activity increased more markedly during the initial stages of ripening whereas PG activity increased gradually and was highest in overripe fruit (Pressey, 1989) . In contrast, fruit of the tomato cultivars Walter and Heinz 1439 contained mRNA and protein for MAN and underwent normal development to the red-ripe stage; however they did not produce any MAN activity throughout fruit ripening (Banik et al., 2001) . A cause and effect relationship between ripening and MAN activity has not been recognized, but most nonripening mutants of tomato such as rin and nor showed reduced softening and lower MAN activity (Bewley et al., 2000) . MAN activity could be related to a process of reorganization in hemicellulose rather than disorganization (Bewley et al., 2000; Sozzi et al., 1996) .
Conclusion
The activities of three putative fruit cell-wall degrading enzymes, PG, EGase, and MAN, were low in the preripening and Stage of ripening early ripening stages, increased dramatically at mid-ripening coincident with the respiratory and ethylene climacterics, and decreased slightly at late ripening. Tissue prints of EGase and MAN supported the activity assays. However, PME activity was highest at the green stage when the fruit fi rmness was high and decreased as ripening progressed. The loss of pawpaw fruit fi rmness was associated with low but increasing activities of PG, EGase, and MAN. Therefore, PME may fi rst de-methylate polygalacturonic acid and make it more easily hydrolyzed by PG. The three other enzymes may each play a subsequent role in the softening of pawpaw during ripening. Thus, these four enzymes may work in concert to soften pawpaw fruit. Further study is needed to ascertain the possible involvement of other classes of enzymes, such as xyloglucan endotransglycosylase, α/β-galactosidase, and expansins, that may also contribute to fruit softening in pawpaw. 
